We study hadron correlators upon artificial restoration of the spontaneously broken chiral symmetry. In a dynamical lattice simulation we remove the lowest lying eigenmodes of the Dirac operator from the valence quark propagators and study evolution of the hadron masses obtained. All mesons and baryons in our study, except for a pion, survive unbreaking the chiral symmetry and their exponential decay signals become essentially better. From the analysis of the observed spectroscopic patterns we conclude that confinement still persists while the chiral symmetry is restored. All hadrons fall into different chiral multiplets. The broken U (1)A symmetry does not get restored upon unbreaking the chiral symmetry. We also observe signals of some higher symmetry that includes chiral symmetry as a subgroup. Finally, from comparison of the ∆ − N splitting before and after unbreaking of the chiral symmetry we conclude that both the color-magnetic and the flavor-spin quark-quark interactions are of equal importance.
I. INTRODUCTION
Highly excited hadrons in the u, d sector reveal some parity doubling [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] and possibly some higher symmetry. It was conjectured that this parity doubling reflects effective restoration of chiral symmetry, i.e., insensitivity of the hadron mass generation mechanism to the effects of chiral symmetry breaking in the vacuum [1] [2] [3] [4] [5] [6] . Whether this conjecture is correct or not can be answered experimentally since the conjectured symmetry requires existence of some not yet observed states.
Recent and most complete experimental analysis on highly excited nucleons that includes not only elastic πN , but also the photoproduction data, does report evidence for some of the missing states and the parity doubling patterns look now even better than before [11] .
The question of a possible symmetry in hadron spectra is one of the central questions for QCD since it would help to understand dynamics of confinement and chiral symmetry breaking as well as their role for the hadron mass generation.
Another "experimental" tool to address the issue of the hadron mass generation is lattice QCD. Equipped with the QCD Lagrangian and Monte-Carlo techniques, one can calculate, at least in principle, hadron masses and other hadron properties from first principles. Enormous progress has been achieved for the hadron ground states. The problem of excited states, especially above the multihadron thresholds like πN , ∆π, ππ, πρ, . . . turns out to be much more difficult and demanding than was initially anticipated. When it is solved lattice results should reproduce experimental patterns and possibly indicate some still missing states. * leonid.glozman@uni-graz.at † christian.lang@uni-graz.at ‡ mario.schroeck@uni-graz.at
Still, the mass of a hadron by itself, obtained from the experiment or from the lattice simulations, tells us not so much about the physics which is behind the mass generation. The pattern of all hadrons, on the contrary, could shed some light on the underlying dynamics if there are some obvious symmetries in the pattern or if its regularities can be systematically explained.
The most interesting issue is to get some insight on how QCD "works" in some important cases and understand the underlying physical picture. In this sense one can use lattice QCD as a tool to explore the interrelations between confinement and chiral symmetry breaking. In particular, we can ask the question whether hadrons and confinement will survive after having artificially removed the quark condensate of the vacuum. This can be achieved via removal of the low-lying eigenmodes of the Dirac operator, which is a well defined procedure [12, 13] .
In the past mainly the opposite was explored. After suggestions within the instanton liquid model [14] the effect of the low-lying chiral modes on the ρ and other correlators was studied on the lattice. In a series of papers [12, [15] [16] [17] it was shown that low modes saturate the pseudoscalar and axial vector correlators at large distances and do not affect the part where high-lying states appear. In [12, 18] low mode saturation and also effects of low mode removal for mesons were studied for quenched configurations with the overlap Dirac operator [19, 20] . Subsequently low modes were utilized to improve the convergence of the determination of hadron propagators [12, 18, [21] [22] [23] [24] studying the efficiency when using the low modes of the Dirac operator or the Hermitian Dirac operator.
We are studying the complementary case, i.e., removal of the low modes and we will refer to this as "unbreaking" the chiral symmetry. This issue has been addressed in a recent paper [25, 26] where the low-lying eigenmodes of the Dirac operator have been removed from the quark Green's function and masses of the lowest mesons π, ρ, a 0
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and a 1 have been calculated with such truncated quark propagators. The truncated Landau gauge quark propagator itself has been investigated in [27] where the loss of dynamical mass generation in the infrared sector of the propagator has been demonstrated.
After the unbreaking of the chiral symmetry the signal from the π-meson, obtained with the pseudoscalar quarkantiquark operator, disappears, which is consistent with the (pseudo) Goldstone boson nature of the pion. Indeed, with the artificially restored chiral symmetry there cannot be Goldstone bosons. What is very interesting, is that other low-lying mesons survive and the quality of their signals become even essentially better after extraction of the low-lying eigenmodes of the Dirac operator, responsible for chiral symmetry breaking. The very fact that hadrons survive the unbreaking of the chiral symmetry tells that there is confinement in the system even without the quark condensate. (A similar behavior was found in [28, 29] , where the effect of such a removal on the static quark potential was studied.)
After extraction of the quark condensate the lowestlying ρ and a 1 mesons demonstrate restoration of the chiral symmetry -they become degenerate -and their mass is rather large. This disproves a rather popular assertion that, e.g., the ρ-mass is entirely due to the quark condensate of the vacuum. As a physical implication we should then not expect a drop off the ρ-mass in a dense medium, which is a very popular issue both theoretically and experimentally for the last two decades [30] . This result should also be of importance for a debated issue of confining but chirally symmetric matter at low temperatures and large density [31] [32] [33] [34] .
The conclusion of [25] about survival of confinement after unbreaking of the chiral symmetry was obtained on the limited basis of the lowest-lying mesons. In order to see it more clearly we need to extend the number of extracted states, in particular to include radially and orbitally excited hadrons (following quark model terminology). Consequently, we now add the b 1 and ρ states to the above mentioned list of mesons. We limit ourselves only to the isovector mesons since the isoscalar mesons would require inclusion of disconnected graphs, which is numerically very costly.
Most importantly, we study behavior of the ground and excited positive and negative parity states in the N and ∆ spectra. The baryonic states add additional information about existence or nonexistence of confinement. They do allow to see that confinement does survive after the restoration of chiral symmetry. Second, we see some traces of the higher symmetry, higher than simply SU (2) R × SU (2) L . This observation may be related with the higher symmetry seen in the highly excited hadrons.
Our paper is organized as follows. In the next section we remind on the connection between low eigenmodes of the Dirac operator and the quark condensate in the vacuum. We discuss some basic aspects of removal of Dirac eigenmodes from the quark propagator. In Sect. III we present the details of the lattice simulation. The fourth section is devoted to the description of the baryon and meson interpolators used for our study of hadrons. In Sect. V we show and analyze the results and draw conclusions. Finally, in the last section, we briefly summarize our main observations.
II. THE QUARK CONDENSATE AND THE DIRAC OPERATOR
The lowest eigenmodes of the Dirac operator are related (in the chiral limit) to the quark condensate of the vacuum. This is encoded in the Banks-Casher relation [35] 
where ρ(0) is a density of the lowest quasi-zero eigenmodes of the Dirac operator. Here the sequence of limits is important: first, the infinite volume limit at finite quark mass is assumed and then the chiral limit should be taken. The opposite sequence would produce no chiral condensate as in the finite volume there cannot be any spontaneous breaking of chiral symmetry. All lattice calculations are performed on a lattice of a finite volume. In the finite lattice volume the spectrum of the Dirac operator is discrete and the energy of the lowest nonzero mode of the Dirac operator is finite. Consequently, the quark condensate is strictly speaking zero. However, increasing the lattice volume the gap in the spectrum of the eigenmodes becomes smaller and smaller and the density of the lowest nonzero eigenmodes increases. A well defined limit of this density scaling exists: the number of such eigenvalues in a given interval adjacent to the real axis scales with the lattice volume. (In [36] is is argued 1 that the number of relevant eigenvalues should scale proportional the square root of the number of lattice points.)
In [24, 25] it was established that the eigenmodes of the Hermitian Dirac operator D 5 ≡ γ 5 D result in a faster saturation of the pseudoscalar correlator when approximating quark propagators by the lowest eigenmodes only, compared to the eigenmodes of the Dirac operator D. Therefore, we focus on reducing the quark propagators in terms of eigenmodes of D 5 rather than D.
From the lattice calculations in a given finite volume we cannot say a priori which and how many lowest eigenmodes of the Dirac operator are responsible for the quark condensate of the vacuum. For the overlap operator the real eigenvalues correspond to exact chiral modes, the zero modes (instantons); for Wilson-type operators one may associate real eigenvalues with zero modes. Their weight is suppressed in the infinite volume limit. The Banks-Casher relation, however, relies only on the density of nonzero modes. For the Hermitian Dirac operator D 5 there is no simple method to distinguish between the real modes of the D and its small, but complex modes. In [25, 26] we discuss the integral over the distribution of the (real) eigenvalues of D 5 . There we observe a transition region up to roughly twice the size of the quark mass corresponding to O(16 − 32) eigenmodes, as also observed in, e.g., [37] [38] [39] [40] .
We follow the procedure to remove an increasing number of the lowest Dirac modes and study the effects of the (remaining) chiral symmetry breaking on the masses of hadrons. To be specific, we construct reduced quark propagators
where S is the standard quark propagator obtained from the inversion of the Dirac operator, the µ i are the (real) eigenvalues of D 5 , |v i are the corresponding eigenvectors and k represents the reduction parameter which will be varied from 0 − 128. Note that the low-mode contribution (lm) of the quark propagators, S lm(k) , must act on the same quark sources as S, see discussion below.
III. THE SETUP A. Dirac operator
For the dynamical quarks of our configurations as well as for the valence quarks of our study the so called chirally improved (CI) Dirac operator [41, 42] has been used. The latter represents an approximate solution to the Ginsparg-Wilson equation and therefore offers better chiral properties than the Wilson Dirac operator while being less expensive, in terms of computation time, in comparison to the chirally exact overlap operator.
B. Gauge configurations
We performed our study on 161 gauge field configurations [43, 44] that were generated for two degenerate dynamical light CI fermions with a corresponding pion mass m π = 322(5) MeV. The lattice size is 16 3 × 32 and the lattice spacing a = 0.144(1) fm.
C. Quark source smearing
In order to obtain quark propagators, the Dirac operator has to be inverted on given quark sources. To improve the signal in hadron correlators, extended sources of Gaussian form [45, 46] instead of point sources are being used. Using several different extended sources allows for a larger operator basis in the variational method [47] [48] [49] . We use three different kinds of sources: narrow (0.27 fm) and wide (0.55 fm) sources, which are approximately of Gaussian shape, and a derivative source.
The narrow (wide) sources will be denoted by a subscript n (w) of the quark fields and the derivative source by ∂ i , respectively. The details of the calculation of the smeared quark sources are given in [44] .
D. Variational method
In order to disentangle the excited states from the ground state (and also to provide cleaner signals for the ground states) we use the variational method [47, 48] . One computes cross-correlators
between several different lattice interpolators and solves the generalized eigenvalue problem
in order to approximately recover the energy eigenstates |n . The eigenvalues allow us to get the energy values λ n (t) ∼ exp(−E n t) and the eigenvectors serve as fingerprints of the states, indicating their content in terms of the lattice interpolators. In our plots we show λ n (t), the effective masses E n (t) = log(λ n (t)/λ n (t + 1)) and the tdependence of the eigenvectors in order to verify the state identification. The quality of the results depends on the statistics and the provided set of lattice operators (for a discussion see [44] ). The used interpolators are discussed in Sect. IV.
E. Dirac eigenmodes
On the given gauge field configurations we calculated the lowest 128 eigenmodes of the Hermitian Dirac operator D 5 using ARPACK which is an implementation of the Arnoldi method to calculate a part of the spectrum of arbitrary matrices [50] .
Once the eigenmodes have been calculated and the quark propagators S have been obtained by inverting the Dirac operator on the three types of sources mentioned in Sec. III C, we can construct the reduced propagators S red(k) according to (2) after multiplying the low-mode part of the propagator, S lm(k) , with the same three source types, respectively.
IV. HADRON INTERPOLATORS
Here we list the baryons and mesons we studied under Dirac low-mode reduction and give the interpolating fields for each individual.
A. Baryons
We analyze the nucleon and ∆ baryons both with positive and negative parity. For the interpolators we use
(nn)w 14 (nw)n 15 (nw)w 16 (ww)n 17 (ww)w 18 Gaussian smeared quark sources (n and w). For the nucleon we adopt three different Dirac structures, resulting in 18 interpolators (see Tab. I) where we left out those operators that are similar to other ones due to isospin symmetry. The construction of the nucleon interpolators is given by
For the ∆,
we use only one Dirac structure and the six corresponding interpolators are listed in Tab. II. We use parity projection for all baryons and Rarita-Schwinger projection for the ∆ [44] . The sink interpolators are also projected to zero spatial momentum.
B. Mesons
We investigate isovector mesons of spin 1. Isoscalars require the calculation of disconnected graphs which are computationally too demanding for the type of fermion action used. The scalar meson a 0 as well as the pseudoscalar pion was studied already in [25] .
Thus, the studied nonexotic channels are the J P C combinations 1 −− (ρ), 1 ++ (a 1 ) and 1 +− (b 1 ). For the analysis of the mesons we include derivative sources [51] in the construction of the interpolators to provide a large smearing #∆ (nn)n 1 (nn)w 2 (nw)n 3 (nw)w 4 (ww)n 5 (ww)w 6 TABLE II. Interpolators for the ∆ channel. The quark smearings and the corresponding interpolator numbers #∆ are given.
The first column shows the number, the second shows the explicit form of the interpolator. The numbers refer to the classification in [52] .
operator basis for the variational method. In Table III we list only those interpolators explicitly whose combination resulted in a good signal in practice when plugged into the variational method. The sink interpolators are projected to zero spatial momentum. A more complete list of possible interpolating fields is given in [44, 52] .
V. RESULTS AND DISCUSSION

A. Truncation study
The reduction parameter k in (2) gives the number of the lowest eigenmodes of the Dirac operator removed from the quark propagator. We study reduced quark propagators with k = 0, 2, 4, 8, 12, 16, 20, 32, 64, 128 and three different quark smearings (n, w, ∂ i ). These are then combined into different hadron propagators and the correlation matrix for a hadron with given quantum numbers is calculated. The variational method is used to extract the ground and excited states of that hadron. Con- sequently, we observe and study the evolution of hadron masses as a function of the number of the subtracted lowest eigenmodes. Increasing the number of the subtracted lowest eigenmodes we gradually remove the chiral condensate of the vacuum and consequently "unbreak" the chiral symmetry.
Typical results for the mesons and baryons under study are shown in Figs. 1 -12 . For each hadron we show in the figures two representative reduction levels k for which we also show explicitly all eigenvalues stemming from the variational method, i.e., the correlators corresponding to different energy levels. Moreover, we show for the ground and first excited state (where applicable) the eigenvector components and the effective mass plots including fit ranges and values. The energy values are determined from exponential fits to the eigenvalues over the indicated fit ranges.
In Figs. 1 and 2 we show the eigenvalues and eigenvectors (cf. Sect. III D) and the effective mass plots for the ground and excited states of the ρ-meson (J P C = 1 −− ) after having subtracted 12 and 32 eigenmodes of D 5 .
(The results for the untruncated situation, with higher statistics and for several more parameter sets are shown in [52] .) The eigenvector composition for both states is stable and clearly distinct. The mass splitting between ground state and excited state disappears with increasing truncation level.
For the meson channels a 1 and b 1 the statistics allow only to determine the ground state in a reliable way. In the case of the a 1 (J P C = 1 ++ ) meson (Fig. 3 for k = 4 and k = 64) and for the b 1 (J P C = 1 +− ) meson (Fig. 4 for k = 2 and k = 128) we thus show only the ground states. We observe improved plateau quality for the effective masses when increasing number of truncated modes.
In Fig. 5 the nucleon of positive parity (the ground state and its first excitation, J P = − ) at the same reduction levels are given in Fig. 11 and Fig. 12 , respectively. An obvious observation is that the quality of the signal (the quality of plateaus) essentially improves with increasing the number of removed eigenmodes for all hadrons under study. This fact makes it easier to reliably identify masses of states after unbreaking the chiral symmetry. In many cases for excited hadrons the quality of plateaus before unbreaking of the chiral symmetry is rather poor, but after removing more and more eigenmodes of the Dirac operator it becomes better and better, so eventually it allows to unambiguously establish that indeed we see the state, even though with the untruncated propagators the identification of the state would be less clear.
A plausible explanation for this phenomenon would be that by unbreaking the chiral symmetry we remove from the hadron its pion cloud and subtract all higher Fock components like πN , π∆, ππ, and so on from the hadron wave functions. It is these components related to the chiral symmetry breaking that couple excited and not excited hadrons to each other and render signals from the excited states poor in fully untruncated QCD.
B. Confinement after unbreaking the chiral symmetry
The most interesting question is whether hadrons and confinement survive the unbreaking of the chiral symmetry. To discuss this issue we put all the results from the previous figures together and analyze how masses of the considered hadrons change with the reduction level. Therefore, the relevant truncation scale is not the Dirac operator eigenmode index k itself, since it has to scale with the lattice volume when keeping the physics constant. Instead, we introduce a cutoff parameter σ such that the reduction level σ means that all µ k for which |µ k | < σ have been excluded in the underlying quark propagators [25] . We still give the corresponding index k on the upper horizontal scale of the plots.
The masses of all studied hadrons under D 5 eigenmode reduction are summarized in Fig. 13 . The scale is set by the Sommer parameter (i.e., by the static potential acting between two heavy quarks, in other words, by the gluonic dynamics). The physics of the static potential knows nothing about the valence quarks and the truncation of lowest lying eigenmodes of the Dirac operator for the light valence quarks. It implies that these plots suggest at least qualitatively the evolution of the hadron masses in absolute units of energy. We observe approximately a universal growth of all hadron masses with equal slope after subtraction of a sufficient amount of the chiral modes of the Dirac operator. In this regime chiral symmetry is approximately restored and the whole hadron mass is not related to chiral symmetry breaking. A universal slope might be interpreted as an indication to a universal growth of the hadron size.
Assume that after having unbroken the chiral symmetry the exponential decay signals from all hadrons would disappear. This would indicate that with the artificial restoration of the chiral symmetry confinement also vanishes and that there is a direct connection between the confinement in QCD and the lowest lying modes of the Dirac operator. Contrary to that we observe a very clear signal from all hadrons, except for a pion. This suggests that confinement survives the unbreaking of the chiral symmetry.
However, there is still the possibility that this clear signal comes from the unconfined (unbound) quarks with some mass m 0 at a given truncation level. In this case we would expect at a given truncation level a universal scaling law with all mesons having the mass 2 m 0 and all baryons with the mass 3 m 0 . There would be no excited states of hadrons.
In order to address this issue we show in Fig. 14 all hadron masses in units of the ρ-meson mass obtained at the same truncation level. Indeed, some of the statessuch as a 1 and ρ , as well as the ground and the first excited states of the nucleon of both parities -do follow this behavior of mass 2 m 0 and 3 m 0 for mesons and baryons, respectively. However, this is definitely not the case for the b 1 state as well as for the ∆-resonance and especially its first excited states of positive and negative parity. Given that the signal in all latter cases is unambiguous, we conclude that there is no universal scaling (2 m 0 for mesons and 3 m 0 for baryons) for all hadrons. This rules out the possibility that our signals are produced by the unbound (unconfined) quarks. We do observe confined hadrons.
Actually, this can be seen also from another perspective. The mass m 0 is large and increases with truncation of the quark propagators. At the same time we observe chiral restoration in the correlators (e.g., a 1 and ρ). The large mass m 0 of unconfined free quarks then contradicts restoration of chiral symmetry. This supports our argument that we do not observe unconfined quarks.
The fact that masses of some of the mesons and some of the baryons get degenerate and are related through a simple law 2 m 0 for mesons and 3 m 0 for baryons indicates symmetries of hadrons that appear after unbreaking (restoration) of the chiral symmetry.
C. Meson degeneracies and splittings and what they tell us
Restoration of the SU (2) L × SU (2) R chiral symmetry in the vacuum requires the states to fall into parity-chiral multiplets [2] [3] [4] [5] [6] . Below we shortly summarize a content of these parity-chiral multiplets for the mesons in our study.
The full set of multiplets of the parity-chiral group SU (2) L × SU (2) R × C i , where the group C i consists of identity and the space inversion, for the J = 1 mesons is as follows:
:
Note, that the unbroken chiral SU (2) L × SU (2) R symmetry requires existence of two independent ρ-mesons, one of them is the chiral partner of the h 1 meson, and the other one of the a 1 state. Similar is true for the ω-meson. The states from two distinct multiplets (
2 ) a and (
2 ) b that have the same isospin but opposite spatial parity are connected to each other by the U (1) A transformation, if the U (1) A symmetry is broken neither explicitly nor spontaneously. In our real world U (1) A is broken both explicitly via the axial anomaly and spontaneously via the quark condensate of the vacuum. So in the world with restored U (1) A symmetry a ρ meson, that is the chiral partner to the h 1 meson, would be degenerate with the b 1 state. The h 1 , ρ, ω and b 1 states would form an irreducible multiplet of the SU (2) L ×SU (2) R ×U (1) A group.
On top of the chirally symmetric vacuum the ρ − a 1 splitting vanishes, see, e.g., Figs. 13 and 14 ., a clear signal of the chiral SU (2) L × SU (2) R symmetry restoration in the physical states. At the same time large b 1 − ρ and b 1 − ρ splittings persist. This is a direct indication that the U (1) A breaking does not disappear. While that U (1) A breaking component that is due to the chiral condensate should vanish with the condensate, the U (1) A breaking via the axial anomaly still persists. Then it follows that there is no direct interconnection of the lowest lying modes of the Dirac operator and the mechanism of the anomalous U (1) A breaking in QCD. Such a direct interconnection was suggested in the past through, e.g., the instanton fluctuations.
After unbreaking of the chiral symmetry the ρ and ρ mesons become degenerate. What does this tell us? A degeneracy indicates some symmetry. The two distinct ρ states, ρ and ρ , lie in different irreducible parity-chiral representations, (
2 ) a and (0, 1) + (1, 0). In principle, their degeneracy could point out to a reducible representation of the parity-chiral group that would include both irreducible representations. Indeed, the product of two fundamental quark-antiquark chiral representations does contain, in particular, both ( 
Such a multiplet of dimension 16 (including isospin degeneracies) would consist of two distinct ω-mesons, f 1 , h 1 , two ρ-mesons as well as b 1 and a 1 mesons and would require a degeneracy of all of them. Now we do find, however, that the b 1 meson is well split from both ρ and ρ after the unbreaking of the chiral symmetry. This rules out that the observed ρ − ρ degeneracy is related to restored chiral symmetry. The degenerate ρ and ρ states are different because their eigenvectors are orthogonal and because they are well split before the removal of the low modes. This can be clearly seen from Figs. 13 and 14. This degeneracy indicates some higher symmetry that includes chiral SU (2) L × SU (2) R as a subgroup. It is a highly exciting question what this higher symmetry is. It will be seen from the following subsection that baryons also point to some higher symmetry. 
D. Baryon chiral multiplets
If chiral symmetry is restored and baryons are still there they have to fall into (some of) the possible baryonic parity-chiral multiplets. There are three different irreducible representations of SU (2) L × SU (2) R × C i for baryons of any fixed spin: 
The first representation combines nucleons of positive and negative parity into a parity doublet. The second representation consists of both positive and negative parity ∆'s of the same spin. Finally, the third representation, that is a quartet, includes one nucleon and one Delta parity doublet with the same spin. Extraction of the chiral eigenmodes of the Dirac operator leads to a systematic appearance of the parity doublets, as it is clearly seen from Figs. 13 and 14. There are two degenerate nucleon parity doublets with the same mass. There are also two distinct ∆ parity doublets, but with different mass. Since our interpolators have spin J = 2 ) type. It is very interesting that the two nucleon parity doublets get degenerate, while the two Delta doublets are well split. The former hints at a higher symmetry for the J = I = The ∆ − N splitting is usually attributed to the hyperfine spin-spin interaction between valence quarks. The realistic candidates for this interaction are the spin-spin color-magnetic interaction [53, 54] and the flavor-spin interaction related to the spontaneous chiral symmetry breaking [55] . It is an old debated issue which one is really responsible for the hyperfine splittings in baryons. Our results suggest some answer to this question. Once chiral symmetry breaking is removed, which happens for the ground N and ∆ states after extraction of the 50-60 lowest eigenmodes, the ∆−N splitting is reduced roughly by the factor 2. With the restored chiral symmetry the effective flavor-spin quark-quark interaction is impossible. The color-magnetic interaction is still there. This result suggests that in our real world the contribution of both these mechanisms to the ∆ − N splitting is of equal importance.
VI. CONCLUSIONS
We have studied what happens with different mesons and baryons upon modifying the valence quark propagators by removing the lowest lying eigenmodes of the Dirac operator. These eigenmodes are directly related to the quark condensate of the vacuum via the BanksCasher relation. Consequently, upon removal of the low-est eigenmodes we artificially restore chiral symmetry, what we call "unbreaking" of the chiral symmetry. We study the evolution of the hadron masses with the number of extracted lowest eigenmodes in dynamical lattice simulations. There are a few interesting observations.
First, the quality of the signals from the hadrons after removal of the chiral eigenmodes of the valence quark propagators become much better than with the untruncated propagators. Most probably this is related to the fact that we artificially remove the pion cloud of the hadrons.
Second, from the spectral patterns both for the ground and excited mesons and baryons we conclude that confinement is still there while the chiral symmetry is artificially restored. Restoration of the chiral symmetry is evidenced by the fact that hadrons, both baryons and mesons, fall into different parity-chiral multiplets. At the same time there is a clear evidence that the broken U (1) A symmetry is not restored.
Third, some distinct parity doublets get degenerate upon chiral symmetry restoration. This indicates that there is some higher symmetry in the chirally restored regime, that includes the chiral group as a subgroup.
Finally, from the comparison of the hyperfine ∆ − N splitting before and after unbreaking of the chiral symmetry we conclude that in our real world both the colormagnetic and the flavor-spin interactions between valence quarks are of equal importance.
